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PREFACE 

This program was conducted by Rochester Applied Science 
Associates, Inc. (RASA), under Contract DAAJ02-73-C-0061, 
Project 1F162204AA43, and was carried out under the technical 
cognizance of Mr. William T. Alexander, Eustis Directorate, 
U.S. Army Air Mobility Research and Development Laboratory, 
Fort Eustis, Virginia. 

The principal investigator at RASA was Dr. H. Kevin Johnson; 
Ms. Gay E. Moore conducted the numerical analysis and Mr. 
Timothy D. Evans developed the hand calculations for the in- 
clusion of the effects of blade vortex interactions in the 
program input decks.  NASA-Langley supplied the rotor data 
analyzed for the expansion of the data base of the broadband 
noise data bank. 
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INTRODUCTION 

Rotor noise is the primary contributor to the external noise 
of modern gas-turbine-powered helicopters.  Results of 
several research programs (References 1,2,  and 3) have 
shown that the acoustic pressure time history at an observer's 
location is due almost entirely to the noise output of the 
main and tail rotor systems. This means that the helicopter's 
detectability and to a large extent its effectiveness as a 
weapons system are determined by the noise signature of its 
rotor system. 

It had been desired for many years to have some means of 
accurately predicting the detailed noise characteristics of 
a given rotor system during the design stage.  If this were 
realizable, design studies could be carried out and tradeoffs 
between noise and performance clearly delineated.  Further, 
fo:: a rotor system designed to meet giver, performance re- 
quirements, the optimum acoustic design could be determined. 
It is believed that the key to the optimum design of a rotor 
as regards noise is a thorough understanding of the noise 
generating mechanisms so that noise reduction methods can be 
evaluated without undertakinc an experimental program of 
rotor design and test.  Several studies (References 1, 2, and 
3) have concentrated on the aerodynamic mechanisms of rotor 
noise.  The reports of these studies have shown the 
important aerodynamic mechanisms of noise generation for 
helicopter rotors.  In order to use these results, however, 
an acoustic prediction program had to be devised that would 
allow subjective as well as scientific evaluation of heli- 
copter rotor noise during the design stage. 

There have been effort 
in the past. Attempts 
and scaling to forecas 
design. Following thi 
that will foretell the 
if overall and octave 
accurate, they reveal 
rotor system which is 

s to provide such a prediction method 
were first made by empirical relations 

t the overall noise level for a rotor 
s, empirical approaches have been tried 
octave-band noise signature.  But even 

band forecast techniques are entirely 
extremely limited information about a 
yet to be built. 

What is required is an analytical tool that can be applied 
to a given rotor system including main and tail rotors, or 
a tandem configuration, and that will provide for either 
hover or forward flight: 

1.  A plot of the predicted acoustic pressure time 
history for any observer's location relative to 
the aircraft. 



2. A plot of the predicted SPL or spectruir». 

3. A tape recording of the predicted rotor noise that 
can be played for subjective evaluation. 

The advantages of such a tool are many.  As noted, it can be 
used for rotor design in which an acoustic evaluation can be 
made of the effects of blade chord, airfoil section, twist, 
planform, and rotational speed.  Rotor parameters such as 
solidity, thrust and number of blades could also be varied 
and the resulting noise signatures studied.  Such a predictive 
tool would be of great value to both the manufacturers of 
helicopters and the users. To provide such a predictive 
method was the object of the program undertaken in Contract 
DAAJ02-71-C-0064 and reported in Reference 4.  The effort 
reported herein is an extension of that work (Reference 4) 
so tha■ the important effects of rotor noise ground reflection 
and rotor noise variability as related to oscillatory aero- 
dynamic forces associated with broadband noise are included 
in the predicted noise. 



IMPROVEMENT OF THE NOISE PREÜICTION PROGRAM 

The helicopter rotor noise prediction program developed pre- 
viously (Reference 4) has been expanded to include the 
following items which are important to the evaluation of the 
noise produced by rotors:  (1) the ground reflection phenome- 
non, (2) the variability of oscillatory forces as related to 
the vortex shedding phenomena, (3) an expanded data base for 
the broadband noise data bank, and (4) a calculation procedure 
so that the program input deck can be modified to account for 
impulse signals of single rotor blade vortex interaction.  The 
first three items are treated in this section, while the 
fourth item is treated in the Appendix. 

ROTOR NOISE GROUND REFLECTION 

The reflection of rotor noise from the ground surface is an im- 
portant effect when evaluating helicopter acoustic emissions. 
Interaction of the reflected acoustic  signal with the direct 
acoustic signal (the unreflected signal) can produce signifi- 
cant distortion of the emission, both in frequency and in 
magnitude.  The reflected signal must travel a greater distance 
than the direct signal and therefore arrives at the microphone 
later than the direct signal.  This time delay is an important 
parameter when evaluating the effects of ground reflection. 
To illustrate, Figure 1 shows an addition process for identical 
signals, the only difference being the ratio of the signal 
width to the time delay. When the signal width is 5 units and 
the time delay is 2 units, the addition process yields a 
slightly wider signal with increased magnitude.  When the sig- 
nal width is 2 units and the time delay is 5 units, the 
addition process yields two separate signals with the same 
magnitude.  The end results of these two signal addition pro- 
cesses are obviously entirely different. 

The ground reflection effect for helicopter rotor noise has 
been discussed extensively in References 3 and 4. Summarizing 
the results of the around reflection calculation presented in 
Reference 3, the reflected and direct wave are in nhase ?nd 
add for the frecuencies 

f  = C      _  ~  n (1) a  c    SIE  n 

where f = frequencies at which the reflected signal is in 
phase with the direct signal (Hz) 

c = speed of sound (ft/sec) 

h = altitude of noise source (ft) 



d    = distance of microphone  from source along the 
ground 

I    = microphone height   (ft) 

n    = non-negative  integer 

The reflected and direct  signals   are 180     out of phase and 
cancel  for  the   frequencies 

/^Td2" 
fc = C      "^h       (n +  W (2) 

where f = frequencies at which the reflected signal is 180° c out of phase with the direct signal (Hz). 

As mentioned previously, ground reflection is an important 
effe-t when evaluating the acoustic emissions of helicopter 
rotors.  Figures 2 and 3 represent noise spectra of the UH-1B 
in a 100-ft hover created from data recorded at microphone 
positions 4 and 6 (see Figure 4).  The spectra were generated 
by RASA's analysis system.  The bandwidth is 0.7 Hz over the 
frequency range of 0 to 5600 Hz.  Comparison of these two 
figures reveals that ground reflection is effective over dif- 
ferent frequency ranges.  Microphone 4 was located on concrete 
while microphone 6 was located on grass; yet microphone 6 ex- 
hibits the ground reflection phenomenon at higher frequencies, 
which is not as expected.  Each spectrum shows approximately 
eight destructive interference regions (see Equation 2).  The 
noise level drop from peak to valley is a measure of the ef- 
fectiveness of the ground reflection phenomenon, but not 
necessarily a good measure because of differences in the back- 
ground noise level and the magnitude of helicopter noise 
present at a particular frequency. 

The noise level drop at position 4 for the first minimum 
(100 Hz) and at position 6 for the first minimum (350 Hz) is 
approximately 20dB.  Assuming that the background noise level 
at these two minima is less than 40 dB (see Figures 2 and 3) , 
the effectiveness of the reflection process may be calculated. 
The effectiveness of the reflection process may be expressed 
in terms of a ground reflection coefficient which modifies the 
magnitude o^ the reflected signal (1.0 is the maximum value 
of the ground reflection coefficient corresponding to perfect 
reflection).  Since the noise level drop at the first frequency 
minima for the signals of Figures 2 and 3 is 20 dB each, the 
ground reflection coefficient for these two minima is 0.9. 



The calculated value of the ground reflection coefficient is 
affected by the background noise level as well as the inten- 
sity of the source noise, and therefore, the noise level drop 
method described above establishes only the lower limit for 
the ground reflection coefficient.  Hence at position 4 the 
ground reflection coefficient is at least 0.9 at 100 Hz; while 
at position 6*the ground reflection coefficient is at 0.9 at 
350 Hz. Similar calculations may be undertaken at each of the 
ground reflection minima to establish the lower limit values 
of the ground reflection coefficient with frequency, but this 
process does not establish the true value of the ground re- 
flection coefficient.  To illustrate this discrepancy. Figures 
2 and 3 indicate a smaller ground reflection coefficient with 
increasing frequency since the noise level drop decreases with 
increasing frequency, but the noise emitted from the source 
also decreases with increasing frequency and cancellation can 
occur only to the level of the background noise. 

Detailed study of available spectra of helicopter rotor noise 
indicates that ground reflection coefficients are primarily 
affected by microphone height.  Spectra with a microphone 
height exceeding 20 ft failed to show the ground reflection 
effect. The effect becomes more important with decreasing mi- 
crophone height.  The data available has not been sufficient 
to define precisely the values of the ground reflection coeffi- 
cients as functions of surface conditions, source frequency, 
directivity, and source height. The data has indicated only a 
strong dependence on microphone height. 

Using the available spectra, noise level dropt have been meas- 
ured for data recorded at various microphone heights to 
establish a formulation for the ground reflection coefficients 
as a function only of microphone height.  The data indicates 
that 

GRC =1.0 for H < 6 ft 

CRC = exp [2.0 (= ) - 6.8 (= )?] 
-max       -max 

H) 

for 6 < £ i 20 ft 
GRC =0.0 for T > 20 ft 

where GRC  = ground reflection coefficient 
£_ = microphone height 

iv =   20   ft —max 



These calculations were made trom data in which rotor-micro- 
phone orientation was such tnat small angles existed between 
the direct and reflected wave (for small angles the direct and 
reflected wave are identical) and minimal increases in travel 
distance of the reflected wave.  Since rotor noi_e is highly 
directional, a larqe angle between the direct and reflected 
ray would indicate that the reflected ray is entirely differ- 
ent from the direct ray.  Large increases in travel distance 
of the reflected ray when compared to the direct ray distance 
would cause the reflected ray to diminish in magnitude (spheri- 
cal spreading), thereby reducina the overall effect of ground 
reflection.  Significantly increasinq the travel distance of 
the reflected ray relative to the direct ray is partly the ex- 
planation for the higher microphones not showing the ground 
reflection effect. 

The noise prediction program developed under Contract 
DAAJ02-71-C-0064 calculates emitted acoustic pressures in a 
time frame, keeping proper account of rotor blade positions 
and velocities.  The ground reflection phenomenon can there- 
fore be represented by a time delay calculation which determines 
the time of arrival at the observer's location of not only the 
direct ray but also the reflected ray, with the magnitude o^ 
the reflected ray being modified by the ground reflection co- 
efficient.  The time delay is the increase in travel distance 
of the reflected ray divided by the speed of sound. 

In the program, the rotor blades are divided into stations, 
each station having an aerodynamic force associated with it. 
The aerodynamic force is transformed into an acoustic signal 
received at an observer's location.  Since each station has 
its own geometry relative to the observer's location, it also 
has an individual delay time for the reflected ray relative 
to the direct ray.  The emitted pressures are summed at the 
observer's location with proper consideration fo-: the delay 
time associated with each blade station.  The ground reflec- 
tion effect will therefore be included in the pressure time 
history, and any spectrum generated from the pressure time 
history will also have the ground reflection effect included. 



VARIABILITY OF OSCILLATORY FORCES AS RELATED TO THE VORTEX 
SHEDDING PHENOMENON 

Analysis of tapes generated in the previous programs (Refer- 
ences 3 and 4) has indicated that variability in noise from 
blade passage to blade passage is an important effect when sub- 
jective evaluations are being conducted.  The analysis done 
to date has assumed that the rotor aerodynamics (which govern 
the rotor noise output) do not change from blade passage to 
blade passage, so the problem could be made tractable.  That 
is to say, the azimuthal distribution of blade loading can be 
specified by the user, but once defined, the aerodynamics are 
invariant vith time.  This assumption has not significantly 
limited the scientific content of the prediction program re- 
sults, but it has reduced the "realism" of the acoustic tapes 
generated.  This variability is most apparent in the broadband 
noise associated with discrete vortex shedding from the air- 
foil when the helicopter is in hover.  Noise variability is 
best described by referring to Figure 5, taken from Refer- 
ence 3. As the title indicates, the figure shows histograms 
of the magnitudes of the oscillatory lift forces calculated 
over the rotor blade from experimental data for a UH-1F< in 
hover. These oscillatory lift forces are those assumed to be 
induced by vortex shedding.  The variation in the oscillatory 
pressures reflects the signal variation from blade passage to 
blade passage.  The first station is at a radius of 7 ft, 
while the tenth station is at the blade tip.  Observe that the 
variability is significant.  It has been demonstrated that 
this variability is very important in subjective evaluations 
and must be included if any degree of realism is to be 
achieved. 

The mean values of the oscillatory lift forces can be deter- 
mined from blade section values as a result of the work 
reported in Reference 4.  Thlo »ffort allowed the parameteri- 
zation of the oscillatory lift forces determined from 
experimental data.  Based on available data, the magnitude of 
oscillatory forces increases with angle of attack and de- 
creases with section velocity.  The parameterization that was 
developed is given by 

P = 2 (1-MH1 + (T)
2
] 

OSC 4 

where P   is the oscillatory section pressure (lb/ft2) 
osc 

M is the section Mach number >0 

a is the section angle of attack (deg) 

■ 



T^e parametric fit for the oscillatory force constants was 
undertaken for a Strouhal number, independent of section vari- 
ables, equal to 0,235, which was determined as the best fit 
for vortex shedding induced noise (Reference 3).  The above 
formulation was used in the predictive program presented in 
Reference 4, whose results correlated well with experimental 
results. 

The present predictive program (Reference 4) assumes that the 
rotor is operating such that the angle of attach and Mach 
number at a given blade radial and azimuthal station are in- 
variant from blade passage to blade passage.  This assumption 
is consistent with current rotor aerodynamic theory for a 
rotor operating in either hover or steady-state forward 
flight.  It is recognized, however, in actuality that these 
parameters do vary.  It is believed that this variation is 
attributable to a number of causes, such as perturbations in 
wind velocity or local turbulence and deviations from true 
idealized steady-state conditions associated with changes in 
trim and attitude. 

Equation 4 relates the strength of oscillatory pressure at a 
blade element to local blade element angle of attack and Mach 
number, and assumes that for a given blade position these 
values do not change with time.  However, as has been dis- 
cussed, it is recognized that even in the hover condition, 
both blade element angle of attack and Mach number do vary at 
a given point on the rotor disk.  It is believed that this 
variation gives rise to the changes noted in the calculated 
oscillatory pressures where test data served as the base 
(References 3 and 4).  The variability from blade passage to 
blade passage of the blade section parameters is not known, 
since as has been discussed it depends upon the random oc- 
currences of a number of variables. Since measured data 
indicates that oscillatory forces do vary from blade passage 
to blade passage in both frequency and magnitude, the vari- 
ation in noise signature was introduced in the analysis by 
allowing each oscillatory force of frequency to to vary about 
its mean values in a random fashion within bounds consistent 
with results shown in Figure 5.  The time scale for the vari- 
ation is in the range of periods expected for main rotor 
blade passages. 

EXPANSION OF THE DATA BASE FOR THE BROADBAND NOISE DATA BANK 

The work discussed in this section is an extension of the fun- 
damental work conducted previously and reported in Reference 
4.  In that effort, an expression was developed for the aero- 
dynamic forces on the rotor blades that produce broadband or 
vortex noise (see Equation 4).  The noise data that was used 



to generate that equation was recorded from a CH-47B rotor 
and a modified H-19 rotor, both of which were mounted on 
whirl towers. The objective of the present effort was to ex- 
pand the data base for the previously derived equation.  The 
forces on the rotor blade that generate broadband noise have 
been assumed to be those induced by discrete vortex shedding 
at frequencies determined by a Strouhal calculation 
(Reference 3). The vortex shedding frequencies of the rotor 
blade sections are not related to the blade passage  fre- 
quency of the rotor.  An array of forces at the rotor blade 
sections oscillating at individual frequencies moving with 
the rotor blade produces a broadband signature at the ob- 
server location, but this random signature is modulated by 
the rotor passage frequency.  With the frequency of the os- 
cillatory forces known from the Strouhal calculation, the 
magnitude of the oscillatory forces can be determined as 
functions of the section Mach number and angle of attack from 
controlled rotor acoustic tests conducted on a whirl tower. 
The magnitudes can then be parameterized as functions of the 
section variables such as Mach number and angle of attack. 
This procedure defines a "data bank": a relation containing 
information concerning vortex noise that was reduced from 
experimentally recorded acoustic records.  The basic proce- 
dure used to determine the magnitudes of the oscillatory 
force constants is as follows; 

1. Blade-element momentum theory is used to determine 
the distribution of angles of attack and flow 
velocity across the whirl tower rotor blade for a 
thrust value equal to that attained for the re- 
corded acoustic data. 

2. These angles of attack and flow velocities are 
then used to determine the vortex shedding fre- 
quency by 

iii = 

Stu 

trr (5) 

where to = vortex shedding frequency 

th = blade section thickness as seen by the 
flow (for most helicopter blades, th 
equals blade thickness since the aero- 
dynamic angle of attack rarely exceeds 
7 degrees) 

u = flow velocity 

S = Strouhal number 

\ 



/ 
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The Strouhal number is set equal to 0.235 and is 
held independent of section variables.  This 
Strouhal number was determined as the "best fiJ" 
during the research investigation reported in 
Reference 3. 

3. A 1-ft spanwise station at mid-span and one at the 
blade tip are given an oscillatory pressure of 
1 lb/ft2 in the lift direction.  (The oscillatory 
drag is set equal to zero since acoustic data taken 
in the plane of the rotor indicated that very little 
noise is produced by vortex shedding in that direc- 
tion.)  For each of the 1-ft-wide stations, a 
pressure time history was predicted at an observer 
location appropriate to the recorded data. 

4. The predicted pressure time histories are then 
Fourier analyzed and compared to the spe Jtrum of the 
experimental data in the appropriate frequency range. 
The oscillatory force magnitude at each of the 
blade stations is adjusted so that the predicted 
spectrum and experimental spectrum have the same 
magnitude in the appropriate frequency range. 

This process yields two oscillatory pressures in the lift di- 
rection for different angles of attack and Mach numbers. 
Repetition of this process for different rotor configurations 
and other blade stations yields an array of oscillatory pres- 
sures which are then parameterized as functions of angle of 
attack and Mach number. 

The acoustic signatures used to expand the data base for the 
broadband noise data bank were recorded by NASA-Langley during 
their recent whirl tower tests.  The whirl tower acous ic re- 
cordings were made using an XH-51 rotor.  The rotor has four 
blades, a radius of 17.5 feet, a chord of 13 inches and a 
twist of -5 . The tip speeds recorded were 277, 412, 478, and 
649 ft/sec.  The thrust ranged from 1548 lb to 10,100 lb. 

Certain records from the XH-51 data were analyzed for use in 
expanding the data banks (see Table I). Table I lists the 
rotor microphone locations, the rotor operating conditions, 
and the rotor geometric parameters.  The analysis of this data 
failed to show any changes in the parametric formula (Equation 
4) representing rotor broadband noise developed previously in 
Reference 4. Since the present relationship satisfactorily 
represents the broadband noise produced by the XH-51 rotor, no 
changes were made in Equation 4.  In summary, the parametric 
formula that has been developed satisfactorily represents the 
broadband noise produced by the following rotors: CH-47B, 
ÜH-1B, H-19, and XH-51. 
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RESULTS - TEST CASES 

In order to evaluate the accuracy of the additional features 
of the rotor acoustic prediction program, several test cases 
were devised.  The first test of the extended prediction tech- 
nique was to determine its capability of predicting rotor 
noise with proper consideration for the ground reflection 
phenomenon.  This test was carried out for the UH-1B helicopter 
in level flight. The next test of the program was to determine 
its ability to introduce variation in the acoustic signature 
from blade passage to blade passage.  This test was conducted 
for a UH-1D main rotor in hover.  The final test of the pro- 
gram was to demonstrate that the acoustic effects of blade 
vortex interaction can be predicted with proper aerodynamic 
input to the program.  This test was conducted for a UH-1D 
main rotor in level flight. 

GROUND REFLECTION - UH-1B IN LEVEL FLIGHT 

To demonstrate that the acoustic program can accurately pre- 
dict the effects of ground reflection, a prediction of the 
noise output of the UH-1B in forward flight was conducted.  The 
UH-1B helicopter was chosen for these predictions, as exten- 
sive, well documented noise data exist for this helicopter (see 
Reference 3).  The acoustic prediction conducted herein can be 
compared to the data recorded at microphone position 4 for the 
122-knot flyby at 100 ft (see Figure 4). 

Additional specifications supplied by the Army for the UH-1B 
are:  the main rotor has two blades (NACA 0012) with a radius 
of 22 ft and a chord of 21 in.; the rotational speed is 324 
rpm.  The tail rotor also has two blades (NACA 0015) , but with 
a radius of 4.25 ft and a chord of 8.4 in.; the rotational 
speed is 5.108 times that of the main rotor, or 1655 rpm. 

The spectrum of the experimental noise was generated when the 
helicopter was 1160 ft uprange and is shown in Figure 6.  It 
has been shown that a noise spectrum of a moving helicopter 
is meaningful if the helicopter-observer orientation does not 
change significantly (see Reference 3) for the time period 
required to generate the spectrum.  Since the length of the 
data record used to generate the spectrum was only 1 second 
and the helicopter position was far uprange, the helicopter- 
observer orientation could not change significantly and the 
spectrum presented in Figure 5 is meaningful.  In Figure 6, 
note that the first ground reflection minimum occurs at 560 
Hz, which confirms the reported position of the helicopter 
(see Equation (2)).  The main rotor rotational noise is 
significant to 300 Hz, and the tail rotor rotational noise 
i'•> significant to 1400 Hz. 
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The noise prediction was generated using the helicopter flight 
conditions and observer location as defined by the experiment 
(see Reference 3).  The predicted spectrum is shown in Figure 
7. Roth the experimental and predicted spectrums have 1-Hz 
bandwidths.  Note that the ground reflection minimum occurs 
at 560 Hz in the predicted spectrum as in the experimental 
spectrum.  As the helicopter approaches the observer, the 
ground reflection minima will decrease in frequency, thereby 
creating important subjective effects.  The predicted main 
rotor noise levels compare quite well with the experimental 
main rotor noise levels.  The predicted tail rotor noise is 
4 db too low around 300 Hz and about 6 db too high around 
800 Hz.  It is believed that this discrepancy is caused by 
insufficient information concerning the coefficient of drag 
for the NACA 0015 airfoil at high Mach numbers.  The airfoil 
tables used were derived from NACA Report No. 8 32 (Reference 
5).  These tables contain information up to M = 0.825.  The 
tail rotor tip speed, however, reaches M = 0.86.  The pre- 
diction program extrapolates beyond the highest table value, 
but this procedure may not reflect the true physical depen- 
dence of the NACA 0015 coefficient of drag with Mach number 
since the drag curve slope is very steep around M = 0.85. 
This situation does not arise for the main rotor since the 
main rotor is an NACA 0012 and these airfoil tables cover Mach 
numbers up to M = 1.0. 

In order to demonstrate the changes in the noise pressure time 
history during the flyby, comparisons will be made of the pre- 
dicted and experimental pressure time histories at different 
helicopter locations during the flyby. Figure 8 shows the 
predicted and experimental pressure time histories when the 
helicopter is at X = -900 ft (see Figure 4).  The main rotor 
rotational noise pulses are larger than the tail rotor ro- 
tational noise pulses.  The tail rotor pulses occur 
approximately 5 times the main rotor pulses (the tail rotor 
rotational speed is 5.108 times that of the main rotor).  Note 
the double peaks of the tail rotor rotational noise pressure 
pulses.  These double peaks are caused by ground reflection; 
the separation distance between the double peaks increases as 
the helicopter approaches.  Figure 9 shows the comparable 
noise prediction without ground reflection.  Note that there 
are no double peaks in the tail rotor signature.  Note also in 
Figure 9 that the main rotor signature appears equal in mag- 
nitude to the tail rotor signature, while in Figure 8 the 
main rotor signature is larger than the tail rotor signature. 
This difference is also caused by ground reflection.  The 
main rotor signal is amplified by ground reflection because it 
is wider than the tail rotor signal (see Figure 1).  The next 
three plots (Figures 10, 11, 12) repeat the format of Figure 
8, but for the helicopter at -700, -500, and -350 ft respectively. 
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It can be seen that the separation in the double tail rotor 
pulses increases as the helicopter approaches the observer 
in both the predicted and experimental traces. 

The predicted noise tapes for the UH-1B flyby are realistic 
when compared to the experimental tapes.  The main rotor and 
tail rotor rotational noise levels and frequencies are accu- 
rately predicted (the predicted tail rotor noise is slightly 
louder than the experimental tail rotor noise).  The main 
rotor/tail rotor beating phenomenon is also evident (tail rotor 
rotational speed is 5.108 times the main rotor rotational 
speed).  The Doppler shift as the helicopter flies past the ob- 
server is present in the predicted tapes, and the vortex noise 
sounds like the broadband noise heard in the experimental tapes, 

VARIABILITY OF ROTOR NOISE - UH-1D IN HOVER 

The test for variability of rotor noise was conducted for a 
UK-ID main rotor in hover.  This test was completely subjec- 
tive.  The addition of the random process which varies the 
broadband noise parameters about their calculated mean values 
has not disturbed the noise prediction accuracy but has made 
the tapes sound "much more like a helicopter" when the flight 
mode is in hover.  This process is not needed in rectilinear 
flight, as the variability in noise from blade passage is much 
less important subjectively. 

Figure 13 shows two blade passages of UH-1D main rotor pre- 
dicted pressure time history with and without the noise 
variability option. Without the variability option, the noise 
signature from blade passage to blade passage does not change 
significantly.  With the variability option, the noise does 
change from blade passage to blade passage, which is typical 
of experimental noise records. 

BLADE 3LAP - UH-1D IN LEVEL FLIGHT 

The test for blade slap was conducted for a UH-1D main rotor 
in level flight.  Since blade slap is a form of rotational 
noise, it ip not necessary to include broadband noise in the 
prediction.  Two predictions were carried out:  one with the 
effects of a concentrated tip vortex interacting with the 
blades as represented by the aerodynamic input to the noise 
prediction program, and one without the effects of a concen- 
trated tip vortex. The helicopter position is 1600 ft uprange 
and 1000 ft high.  The microphone is 450 ft to the right of the 
flight path.  The forward velocity is 25 kt, which corresponds 
to the flight conditions associated with the lobe for blade 
slap seen in Figure 14, taken from Reference 6.  Note that 
this particular flight condition is not a dominant blade slap 
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case.  Hawles (Reference 6) calls this particular form of 
blade slap "continuous slap" (see Figure 14).  The aerody- 
namic input for the blade vortex interaction case was 
calculated using the principles established in the Appendix. 
The predicted pressure time histories are shown in Figure 15. 
Note the double spike for the blade slap case which is typical 
of a blade vortex interaction.  The case without the tip vor- 
tex shows just the standard rotational noise.  These 
predictions clearly demonstrate that the acoustic effects of 
a blade vortex interaction can be predicted provided the pro- 
per aerodynamic input is supplied to the prediction program. 
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CONCLUSIONS AND RECOMMENDATIONS 

This program has resulted in the successful development of a 
design tool that realistically predicts helicopter rotor noise. 
The design tool has the capability of evaluating the acoustic 
characteristics of new, untested rotor designs as well as the 
effects of basic rotor design changes on the acoustic signa- 
ture of existing rotors.  The computer design tool should find 
popular use in the Government as well as the helicopter indus- 
try because the predictions are accurate and the program inputs 
are just the geometric and aerodynamic parameters of the heli- 
copter rotor system.  One of the most important features of 
this tool is that only a digital-to-analog conversion is re- 
quired in order to evaluate the helicopter noise prediction 
subjectively. 

The following specific conclusions are drawn: 

1. Rotational noise is predicted accurately. 

2. The parameterization of the oscillatory forces accu- 
rately represents the broadband noise over the range 
of parameters normally encountered in specifying heli- 
copter rotor systems. 

3. The program can predict th« noise resulting from blade 
vortex interactions provided the proper aerodynamic 
information is supplied as input to the program. 

4. Ground reflection effects distort the radiated acous- 
tic pressure-time history, and this distortion is 
particularly important subjectively. Ground reflection 
effects are properly considered in the prediction pro- 
gram. 

5. The variability of broadband noise from blade passage 
to blade passage in a hover configuration is also 
important in subjective analysis.  This effect is 
also included in the prediction program. 

6. Near-field noise is predicted as we LI as far-field 
noise. 

7. The predicted noise may be evaluated in any one of 
three ways: 

1) pressure time history, 
2) spectra, 
3) audio tapes. 
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8. The program is applicable to propellers as well as 
rotors. 

9. The broadband and rotational noise can be investi- 
gated independently. 

10. A combination of rotors can be investigated simul- 
taneously. 

11. The program can predict the noise from an aircraft in 
hover or in rectilinear flight. 

It is recommended that an effective demonstration o2  the rotor 
noise prediction program's capabilities be conducted so that 
the program will be used in industry and Government.  The ideal 
approach for this demonstration is to conduct a prediction with 
each of the helicopter manufacturers for a helicopter of in- 
terest, so that the manufacturers may evaluate the program's 
capability with a familiar aircraft.  This process would also 
serve to familiarize the manufacturer with the prediction pro- 
gram.  The ultimate goal is to find a universal approach to 
helicopter rotor acoustics in Government and industry. 
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APPENDIX 
HAND CALCULATION FOR INCLUDING SINGLE ROTOR BLADE VORTEX 
INTERACTION IN THE AERODYNAMIC INPUT TO THE NOISE PROGRAM 

The following procedure outlines a hand calculation which will 
allow a previously generated aerodynamic input deck (to the 
noise program) to be modified to include the effects of blade 
vortex interactions.  If the previously generated aerodynamic 
input deck is the result of a detailed wake program that con- 
siders the tip vortex, the hand calculation would obviously 
not be required.  The steps in the hand calculation are as 
follows: 

Determine whether or not the blade/vortex inter- 
action can be expected to produce significant noise. 
One method of doing this is to use Figure 14, taken 
from Reference 6. This figure gives the regions of 
blade slap.  However, this figure can only be ap- 
plied to two-bladed, 10,000-lb class helicopters 
such as the UH-1.  Similar information does not 
exist for different classes of helicopters.  In any 
case,'whether or not the phenomenon known as blade 
slap occurs, there will always be blade/vortex in- 
teractions, and these interactions can be expected 
to affect the blade loading and thus the noise 
signature in some way. Therefore, the following 
procedure can be used even when there is some doubt 
as to the significance of the effect on the noise 
signature. 

Determine the inplane intersection points of the 
shed vortex with the blade.  There are three ways 
of doing this.  The easiest is to use the charts in 
Figure 16, taken from Reference 2. A sec-rd way is 
to use the following equation from Referenc 7 (see 
Figure 17) for each azimuthal blade position ty: 

s = cos T - yTcos ^ + u*cos ^ (6) 

where 

s = 

T = 

*, " 

radial station of intersection 
azimuthal angle of intersecting blade 
ip - ij; = y<I) sin \J;/(u sin ip + 1) 

azimuthal angle of shedding blade 

advance ratio 
azimuthal angle between shedding blade 
and intersecting blade 
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However, the second approach is accurate only for 
azimuthal spacings, *, between the shedding blade 
and the intersecting blade <_  180°.  For larger 
azimuthal separations, a third procedure may be used 
to locate the intersection points.  This third pro- 
cedure requires the solution of the equations used 
to generate the chart referred to previously (Figure 
16).  The actual equations given in Reference 2, 
however, are incorrect; the correct equations, from 
Reference 7, are: 

T » * - sin T/u sin ij/ (a) 

(7) 
s = cos T - u Tcos i|/ + u*cos $ (b) 

Equations (7a) and (7b) are accurate for all $. 
Equation (7a) may be solved for T by Newton's method 
as described in Reference 8.  The other terms are de- 
fined under Equation (6). 

3. Determine the vertical distance, h, of the vortex 
beneath the rotor.  An estimate of this distance for 
level flight can be made by assuming that the vor- 
tex moves with the mean downwash velocity during the 
time it takes to move from the shedding blade to the 
intersecting blade.  The angle T determined above is 
the difference between the azimuthal position of the 
shedding blade when it shed the vortex element being 
intersected, and the intersecting blade at the time 
of intersection.  Physically, the intersecting 
blade follows the shedding blade at an angular dis- 
tance $ (see Figure 17).  Therefore, in the same 
time between shedding and intersection of the vortex 
element, the rotor has moved through an angle of 
<I> + T.  If the angular velocity of the rotor is 
2TTQ/60 rad/sec (ft in rpm), then the time between 
shedding and intersection of the vortex element is 

At = ($ + T)/(2TTft/60) 

If the vortex element moves downward with the mean 

downwash velocity w during this time, the vertical 
distance of the vortex beneath the blade at the 
point of inplane intersection is for level flight 

h = wK + T)/(2TTfV60) (8) 

For a descent flight condition, reduce w by the 
amount of the descent velocity. 
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4. Determine the strength of the tip vortex F.  One way 
to estimate T is to assume a triangular loading on 
a blade such that the lift,L = 0 at 0.1R, L ~ Lmax 

at 

0.9R.  Then T = T        at 0.9R, and applying the Kutta- max 
Joukowsky law (see Reference 9), 

F   = L  /pn(0.9R) max   max' 

L.    = 1/2(0.9R - 0.1R)L  v net max 
= 0.4RL max 

r v = L  ./pf2{0.9R) (0.4R) max   net: 
2 

r   = 2.78 L  ./pnft   (n in rad/sec)       (9) max       net' ^     ^       '   ' 

2 
r   = 26.547 L ./o^R   (fi in rpm) max net' ^ 

5. Determine the downwash velocity induced on the blade 
by the tip vortex at each radial station x/R. From 
References 10 and 11, 

£ - s 
u = ^L. ^ ;cos T      (io) 
Z   ™ [|- s)2COS2 T + (h/R)2 

where s = radial station of intersection (Equation(6)) 

6. Determine the new downwash velocity by adding that de- 
termined from the preceding step to the downwash 
velocity determined from the user's aerodynamic pro- 
grams at each radial station affected. 

w   = w , , + u dl) new   old   z 

7. Determine the new inflow angle at each radial station 
affected. 
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/ 
/ 

',  = tan1[wnew/v (12) 
I 

where v is the total station velocity.  The total 
station velocity must include the component of the 
helicopter forward velocity parallel to the blade 
motion due to rotation. 

Determine the new effective angle of attack at each 
radial station affected. 

eff   geom 

9.     The new lift and drag coefficients  and,   hence,   the new 
blade loading can now be determined  from airfoil 
section data. 

This procedure must be repeated for every azimuthal 
position affected. 
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A Microphone location and direction during fiyby 

Figure 4.    Relative Positions of Microphones. 
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Figure  16. Loci of Blade/Vertex Intersection Points as a 
Function of Advance Ratio and Number of  Blades 
(From Reference  2). 
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Black Blade:  Vortex Shedding Blade 
White Blade:  Vortex Intersecting Blade 

Figure 17. Geometry of a Single Rotor Blade Vortex 
Interaction. 
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LIST OF SYMBOLS 

c 

d 

a 

GRC 

h 

£ 
-max 

M 

n 

P osc 

St 

th 

speed of sound (ft/sec) 

distance of microphone from source along 
the ground (ft) 

frequencies at which the ground-reflected 
signal is in phase with tht direct signal 
(Hz) 

frequencies at which the ground-reflected 
signal is 180 out of phase with the direct 
signal (Hz) 

ground reflection coefficient 

altitude of noise source (ft) 

microphone height (ft) 

20 ft 

velocity of the blade station divided by 
the speed of sound 

non-negative integer 

oscillatory lift per square foot at the 
blade station (lb/ft2) 

Strouhal number 

blade section thickness as seen by the flow 
(ft) 

flow velocity (ft/sec) 

angle of attack 

vortex shedding frequency (Hz) 
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